Wood extractives are biologically active secondary metabolites that help protect wood and wood products from decay and other forms of biological attack. Despite the influence of distribution on their ability to protect wood, very few studies have investigated the distributions of extractives on a cellular level. In this paper, the distributions of extractives were studied in Scots pine (Pinus sylvestris L.) heartwood (HW) and knot heartwood by confocal Raman spectroscopy imaging. Pinosylvins, the antifungal phenolic extractives of pine, were found to be present in the cell walls, middle lamella, and lumina of tracheids. Their distribution suggested the existence of two different mechanisms of deposition and revealed similarities to the distribution of lignin. The potential binding of pinosylvins to lignin and their relatively low concentration in HW cell walls could explain why Scots pine HW is, on average, only moderately resistant to decay. Resin acids, the most abundant group of extractives in pine, were detected only within the lumina of tracheids and ray cells, where they may contribute to the reduced permeability of HW. The extractives distributions presented here help us understand the properties of HW and provide a deeper understanding of the origins of natural durability, which is of value in the current efforts to develop more environmentally friendly means of wood protection.
Introduction
Wood is a complex natural composite consisting primarily of cellulose, hemicelluloses, and lignin. In addition to these structural polymers, wood also contains secondary metabolites called extractives, which occur primarily in the heartwood (HW) and knot heartwood (KHW) of trees. Although they are often low in abundance compared to the structural components, the extractives have a significant effect on the properties of wood, most notably its resistance to decay and other forms of biological attack (Hillis, 1987; Taylor et al., 2002) . Due to the economic and biological significance of decay resistance, the chemical composition, properties, and formation of extractives have been extensively studied (Hillis, 1987; Taylor et al., 2002; Kampe and Magel, 2013) .
In Scots pine (Pinus sylvestris L.), a commercially important species in northern Europe, the HW and KHW extractives consist mainly of the phenolic pinosylvins and the hydrophobic resin acids and fatty acids (Piispanen and Saranpää, 2002; Willför et al., 2003; Ekeberg et al., 2006; Hovelstad et al., 2006; Fang et al., 2013) . The knots of Scots pine are often particularly rich in extractives and contain lignans in addition to the HW extractives (Willför et al., 2003 (Willför et al., , 2004 Hovelstad et al., 2006; Fang et al., 2013) . Pinosylvins and resin acids have both been linked to the decay resistance of pine HW Venäläinen et al., 2004; Leinonen et al., 2008) , and attempts have even been made to utilize these compounds as environmentally friendly wood protection agents (Celimene et al., 1999; Lu et al., 2016) .
Despite extensive characterization of composition and properties, very little is known about the deposition pathways and cellular level distributions of Scots pine extractives. Knowledge of the incorporation and formation of extractives is necessary to gain a full understanding of HW formation, but the distribution of extractives also has a significant effect on their ability to modify wood properties (Taylor et al., 2002) . The distribution of pinosylvins is of particular interest, due to the disparity that exists between the high antifungal activity of pinosylvins and the moderate decay resistance of the HW of various pine species (Hart and Shrimpton, 1979) . The decay resistance and pinosylvins content Scots pine HW are highly variable Fries et al., 2000; Venäläinen et al., 2004) , and the average resistance of its HW is typically classified as only moderate or slight (Jebrane et al., 2014; Plaschkies et al., 2014) . It has been suggested that the inability of pinosylvins to confer significant decay resistance to wood may be due to their distribution or binding to lignin (Hart and Shrimpton, 1979) .
In other wood species, a small number of studies have been performed to investigate the distribution of HW extractives (Kuo and Arganbright, 1980; Streit and Fengel, 1994; Nagasaki et al., 2002; Zhang et al., 2004; Imai et al., 2005) . However, most of these studies have used non-specific staining rather than methods that allow for the visualization of defined chemical components. One of the most promising methods for distribution mapping of specific chemical components is confocal Raman spectroscopy imaging. Raman imaging yields spatially resolved chemical information without staining or labeling and has previously been used to investigate the distributions of wood cell wall polymers (Agarwal, 2006; Gierlinger and Schwanninger, 2006; Hänninen et al., 2011; Ji et al., 2013; Gierlinger, 2014; Zhou et al., 2014) and extraneous compounds inserted into the cell walls (Ermeydan et al., 2012; Keplinger et al., 2015; Merk et al., 2015) .
In this study, Raman spectroscopy imaging was applied to the study of native wood extractives. Extractives distributions were investigated in Scots pine HW and KHW, with a focus on pinosylvins. The study aimed to provide additional insight into HW formation and increase our understanding of the properties and behavior of HW, particularly in terms of natural durability. A deeper understanding of the origins of natural durability will help in the current efforts to develop more environmentally friendly means of wood protection. New insights into the distributions of different types of extractives also provide valuable information on the inherent transportation pathways within wood, which is of great interest in the field of wood modification and functionalization.
Materials and methods

Chemicals
Pinosylvin, pinosylvin monomethyl ether, abietic acid, isopimaric acid, linoleic acid, and oleic acid were purchased from Sigma Aldrich and were used as received.
Wood material
Two green Scots pine logs were obtained from a sawmill in southern Finland and stored frozen until use. The sapwood and heartwood samples were both prepared from one log, which was mature (70 annual rings) and free of defects. A disc approx. 50 mm thick was sawn from the log, and a strip approx. 80 mm wide was sawn through the center of the disc. Sapwood (SW), outer heartwood (OWH), and middle heartwood (MHW) sections, each containing approx. 5 annual rings, were prepared from the strip as shown in Fig. 1a . HW was visually identified by its lighter color due to its lower moisture content. Each section was cut in half across the grain: one half was cut with a razor blade into sticks with a 5 × 5 mm cross-section, while the other half was cut into small pieces and ground in a Wiley mill.
Knot samples were prepared from the other log (27 annual rings) which was rich in knots. A thick disc containing a whorl of branches was sawn from the log, and the disc was split into four sections. Live knots were removed from each section (Fig. 1b,c) and trimmed until only knot heartwood (KHW) remained ( Fig. 1d ). One half of the knot material was cut into sticks as described above, while the other half was again ground in a Wiley mill.
After preparation, the wood sticks and powders were air-dried. A small portion of each air-dried powder was also dried at 105°C to determine the residual moisture content of the powders. Each powder was then Soxhlet extracted with acetone (6 h), and the composition of each extract was analyzed by GC-MS. Some of the sticks were also extracted with acetone, after which the extracted and unextracted sticks were used for Raman spectroscopy imaging.
GC-MS analysis
A small aliquot of each extract and the internal standard (heneicosanoic acid) was added to a vial and the solvent evaporated under vacuum. The extracts were redissolved in 700 μL of pyridine and trimethylsilylated at 70°C for 20 min after addition of 300 μL N,O-bis (trimethylsilyl)trifluoroacetamide with 5% chlorotrimethylsilane. The compounds present in the extracts were identified and quantified using a Thermo Scientific ISQ series single quadrupole mass spectrometer, coupled with a Trace 1300 gas chromatograph. The column used was TR-5MS (30 m x 0.25 mm i.d., 0.25 μm film thickness), and the oven temperature program was set to 2 min at 100°C, 15°C/min to 280°C, and 15 min at 280°C. Helium was used as the carrier gas (1 mL/min), and the mass spectra were recorded in the 50-700 (m/z) range at an ionization energy of 70 eV. Each extract was analyzed in duplicate. 2.4. Raman spectroscopy
Raman sample preparation
The wood samples were prepared for Raman imaging according to Gierlinger et al. (2012) . Briefly, 8 μm thick cross sections of the various wood samples were prepared with a rotary microtome (RM 2255, Leica). The cross sections were put on glass microscope slides, a couple of drops of deionized water were added, and glass cover slips were placed on top of the samples. Cross-sections of each sample type were prepared from three different sticks.
Confocal raman spectroscopy measurements and data analysis
Confocal Raman imaging was performed on latewood portions of the sample cross-sections, and each cross-section was separately analyzed at least three times. The measurements were performed using a Renishaw inVia Raman microscope equipped with a 532 nm laser, an oil immersion objective (Nikon, 100×, NA = 1.4), and a 1800 L/mm grating. A step size of 300 nm was chosen in the StreamlineHR mode. The size of a typical measurement area was 30-100 × 30-100 μm. After the measurement, a cosmic ray removal filter was applied and the spectra were baseline corrected in the measurement software Wire 4.1. For analysis the spectra were exported to Cytospec (v.2.00.01), a commercially available Matlab based software, and plotted in Origin Pro 8.1.
Raman spectroscopy of reference substances
Reference substances were put on microscope slides and measured with a 50 × air objective (Nikon, NA = 0.9) and a 532 nm laser. Table 1 shows the gravimetric yields of extractives obtained from the wood materials, as well as the yields of pinosylvins, resin acids, and fatty acids. The characterization was limited to these main compound groups, as it was done to support the following Raman spectroscopic analysis. For more information on the extractives composition of Scots pine, the reader is referred to specialized literature (Piispanen and Saranpää, 2002; Willför et al., 2003 Willför et al., , 2004 Ekeberg et al., 2006; Hovelstad et al., 2006; Arshadi et al., 2013; Fang et al., 2013) .
Results and discussion
Extractives composition of wood materials
SW contained the lowest amount of extractable components and no detectable pinosylvins. The SW extract contained only minor amounts of resin acids, fatty acids or other monomeric extractives, suggesting that the extract consisted of mostly higher molecular weight material such as triglycerides, which are known to occur in significant quantities in sapwood (Piispanen and Saranpää, 2002; Willför et al., 2003) .
The two HW samples (MHW and OHW) were richer in extractives, with resin acids as the dominant extractives component. MHW, in particular, contained very large amounts of resin acids. Pinosylvin (PS) and pinosylvin monomethyl ether (PSM) were also present in the HW samples, and the analysis indicated that in this case their concentrations were higher in MHW than OHW. This is in contrast to previous studies Bergström, 2003; Ekeberg et al., 2006) , which demonstrated that pinosylvins content reached its maximum in the transition zone and then declined in mature HW. However, these studies also demonstrated that there was significant between-tree variation in the lateral location of the concentration maximum and in the extent of decline after the maximum had been reached Bergström, 2003) . As no attempts were made in this study to locate the concentration maximum of pinosylvins, it is likely that the OHW sample consisted mostly of early HW where the concentration maximum has not yet been reached.
The knot sample contained very large amounts of extractives, 42% of the dry weight of the knots. Resin acids were the dominant extractives component, but pinosylvins were also present at very high concentrations, accounting for 6.6% of the weight of the knots. Extractives contents of equal magnitude have been previously reported in Scots pine knots (Willför et al., 2003; Fang et al., 2013; Karppanen et al., 2007) . The concentrations of free fatty acids and other extractives were very low compared to those of resin acids and pinosylvins.
Raman spectra of extractives reference compounds
Raman spectroscopy probes all wood constituents at the same time, resulting in complex spectra characterized by many overlapping bands arising from the various structural and non-structural cell wall components. Thus, to be able to distinguish the spectral contributions of the extractives from those of the cell wall polymers, reference spectra were measured for the two pinosylvins (PS and PSM) and two fatty acid and resin acid representatives ( Fig. 2; see Table 2 for band assignments). Linoleic acid and oleic acid represent the two most common fatty acids found in pine, and abietic and isopimaric acid represent the abietaneand pimarane-type resin acids, respectively. The discussion of the spectra is limited to the spectral regions used later for the analysis of the wood spectra. More detailed analyses of the spectra of the reference substances can be found elsewhere (Billes et al., 2002; Czamara et al., 2015; Talian et al., 2010) .
Apart from slight changes in band positions, the measured spectrum of PS was similar to that published by Holmgren et al. (1999) . The spectrum featured characteristic bands at 1634, 1597, and 994 cm −1 , attributed to olefinic C]C stretching, aromatic ring stretching, and vibration of the 1,3,5-substituted aromatic ring, respectively. Nevertheless, small yet significant differences could be seen in the spectral region attributed to the substituted aromatic ring stretching. The band at 994 cm −1 has been described as a single peak (Holmgren et al., 1999) , but the spectrum in Fig. 2 clearly shows that it was accompanied by a shoulder at 998 cm −1 , which has not been previously reported. The spectrum of PSM was similar to that of PS, distinguishable by a shift of the band at 1634 cm −1 to 1638 cm −1 and the occurrence of an additional band at 1608 cm −1 . Interestingly, the shoulder visible at 998 cm −1 in the spectrum of PS was not detected in the PSM spectrum.
The spectra of linoleic and oleic acid were similar to one another, producing characteristic bands at 1658 and 1654 cm −1 , respectively, attributed to the stretching vibration of the C]C double bond. The spectrum of abietic acid was characterized by one intense C]C stretching band at 1649 cm −1 , whereas isopimaric acid revealed C]C stretching bands at 1666 and 1638 cm −1 , and a number of CeH and CeC vibrations at wavelengths below 1500 cm −1 .
Raman spectroscopy imaging of wood samples
In confocal Raman spectroscopy imaging, a large number of Raman spectra are collected from the sample to build a map in which every pixel consists of an individual spectrum. The unextracted and extracted SW, OHW, MHW, and KHW samples were mapped in this fashion, and false color images were generated by integration over 1550-1700 cm −1 to visualize the cell structure ( Fig. 3a-h) . Average spectra were then extracted from the cell wall (CW) and cell corner (CC) regions (Fig. 3i,j) . The spectra showed typical features of wood, revealing spectral contributions from cellulose and lignin within the CW and (Edwards et al., 1994) . The most prominent band of lignin, 1600 cm −1 , is attributed to symmetric aryl ring stretching, while the band at 1657 cm −1 is due to the ring conjugated C]C stretching of coniferyl alcohol and the C]O stretching of coniferaldehyde (Agarwal and Ralph, 2008) . The average CW and CC spectra of unextracted HW and KHW showed two bands not present within the spectra of SW, 1634 and 995 cm −1 . These bands correspond to the C]C stretching vibrations and the substituted aromatic ring vibrations of pinosylvins (Fig. 2 ), suggesting the presence of pinosylvins in the CW and the CC. Previous workers have also detected these two bands in Scots pine HW and knots and attributed them to the pinosylvins (Holmgren et al., 1999; Nuopponen et al., 2004b) . However, while the 1634 cm −1 band is characteristic of pinosylvins and has been used in previous investigations to measure their concentration in wood Bergström, 2003) , it cannot be assumed to be solely due to pinosylvins. Isopimaric acid (Fig. 2) and other pimarane-type resin acids also produce bands in this spectral region (Nuopponen et al., 2004a) , and other extractives may do the same. Hence, in this study the band at 995 cm −1 was chosen as the marker band for pinosylvins. The band arises from a structure unique to the pinosylvins, although it cannot be used to distinguish PS and PSM.
The intensity of the 995 cm −1 band varied from sample to sample, indicating differences in the concentration of the pinosylvins (Fig. 3) . The band was nearly absent in SW samples and gradually increased in intensity from OHW to MHW to KHW, in agreement with the pinosylvin concentrations determined by GC-MS (Table 1 ). The intensity of the band was drastically reduced by extraction, providing further support that it is indeed derived from extractable compounds. However, extraction did not completely eliminate the pinosylvins signal, suggesting that not all pinosylvins can be removed by simple Soxhlet extraction.
Interestingly, no bands corresponding to the C]C stretching vibrations of abietane-type resin acids or fatty acids were detected in any of the CW and CC spectra, despite the significant resin acid content of the HW and KHW samples (Table 1) . Two possible explanations exist for this: 1, resin acids (and fatty acids) are not located in the CW and CC of tracheids, or 2, resin acids cannot be detected due to their relatively low concentration and lack of resonance effects. The Raman signals of conjugated molecules such as pinosylvins are resonance enhanced at certain laser wavelengths and can be detected within complex spectra even at low concentrations. However, the second explanation seems unlikely, considering that substantial amounts of resin acids were present in samples such as KHW (Table 1) . Raman spectroscopy has also been shown to be quite sensitive to incorporated molecules (Ermeydan et al., 2012; Keplinger et al., 2015; Merk et al., 2015) , suggesting that resin acids are actually absent in the CW and CC. The distributions of cellulose (1065-1102 cm −1 , Fig. 4a ,e,i,m,q,u), lignin (1104-1173 cm −1 , Fig. 4b,f ,j,n,r,v), and pinosylvins (985-1009 cm −1 , Fig. 4d ,h,l,p,t,x) were investigated in more detail by integration of specific marker bands. Integrations revealed that cellulose had the highest intensity in the CW and lignin in the CC and compound middle lamella (CML), which is in good agreement with previously published results (Agarwal, 2006; Gierlinger and Schwanninger, 2006; Hänninen et al., 2011; Gierlinger, 2014) . The high cellulose intensity visible in the S1 layer is due to the increased microfibril angle, to which the selected cellulose band is sensitive (Gierlinger et al., 2010) . In this investigation, the band at 1104-1173 cm −1 was used as a marker for lignin rather than, for example, 1550-1640 cm −1 due to interference from extractives. The combined distribution of lignin and extractives is shown in Fig. 4(c,g,k,o,s,w) .
Integration of the pinosylvins marker band clearly highlighted the differences in pinosylvins concentration between the samples. The intensity of the pinosylvins marker band was relatively low within OHW and increased in MHW and KHW, which is in agreement with the pinosylvins concentrations measured by GC-MS (Table 1 ). Despite concentration differences, all of the unextracted samples showed a similar distribution pattern: the amount of pinosylvins increases from CW to CML to CC. The distribution of pinosylvins therefore appears to follow that of lignin, suggesting that there may be an interaction between the two components. Binding of pinosylvins to lignin has been previously hypothesized (Hart and Shrimpton, 1979; Mohammed-Ziegler et al., 2004) , and in other wood species phenolic extractives have been detected in association with lignin (Helm et al., 1997) . Together with their relatively low cell wall concentration, the potential binding of pinosylvins to lignin could serve to reduce the decay resistance of Scots pine HW and offset the high antifungal activity of isolated pinosylvins. The binding of pinosylvins might also explain their partial resistance to solvent extraction.
The relatively high concentration of pinosylvins in the CC/CML also suggests that their deposition during HW formation may involve movement through the CML. Previous research has indicated that some HW extractives are released from parenchyma cells into intercellular spaces, from where they diffuse into the CML and slowly begin to impregnate the cell walls (Streit and Fengel, 1994; Zhang et al., 2004) . Coloring matter of unspecified composition has previously been observed in the CC/CML of Scots pine (Fengel, 1970) , and the results presented here suggest that it may have been pinosylvins.
In addition to the CC, CML and CW, pinosylvins were also detected within tracheid lumina. Two different types of deposits were present: some tracheids appeared to be entirely filled with pinosylvins-rich material, while others only contained small deposits or a thin lining on the lumen wall.
Analysis of extractives deposits
The extractives deposits of HW and KHW samples were analyzed in more detail by light microscopy and Raman imaging. A light microscopy image of MHW (Fig. 5a) shows that both types of deposits were present within the sample. The presence of deposits was also confirmed by wide area Raman mapping (Fig. 5b) , but a more detailed analysis of the spectra (Fig. 5c,d) revealed that there were significant differences in the chemical composition of the small deposits and the lumen-filling material. The small deposits were rich in pinosylvins, as evidenced by strong pinosylvins-derived bands at 995, 1597, 1608, and 1634 cm −1 (Fig. 2 ) and the absence of other prominent bands. The deposits most likely arose from the movement of pinosylvins from cell to cell via pit connections, as has been observed with the HW extractives of other wood species (Kuo and Arganbright, 1980; Streit and Fengel, 1994; Nagasaki et al., 2002; Zhang et al., 2004) . The movement of unspecified coloring matter from cell to cell via pits has also been previously recorded in Scots pine (Fengel, 1970) .
In contrast to the small deposits, the lumen-filling material within MHW and KHW samples contained significantly lower amounts of pinosylvins, as evidenced by the reduced relative intensity of the pinosylvins-derived bands. Instead, the spectra were characterized by an intense band at 1649 cm −1 , which corresponds to abietic acid (Fig. 2) and other abietane-type resin acids (Nuopponen et al., 2004a) . A second prominent band was observed at 1612 cm −1 , attributed to the symmetric aromatic ring stretch of dehydroabietic acid (Nuopponen , 2004a) . The resin acids probably originated from resin canals after the death of the epithelial cells, flowing into the lumens of tracheids whose pits were not blocked by aspiration or extractives incrustations (Hillis, 1987) . As no resin acids could be detected in the CW or CC, it is possible that they occurred exclusively within cell lumina where they serve to further reduce the permeability of HW and KHW.
Analysis of ray cell contents
Heartwood extractives such as pinosylvins are formed in parenchyma cells, such as those that constitute the wood rays. Thus, the rays of HW and KHW were also analyzed for the presence of extractives. Raman images of MHW and KHW rays (Fig. 6a,b) , obtained by integration of the combined lignin and extractives spectral region (1550-1700 cm −1 ), showed the presence of large amounts of extractives within the rays. The distribution of extractives was uneven in both the MHW and KHW rays, and detailed analysis of the Raman spectra (Fig. 6c,d ) revealed local differences in composition. The spectra of both MHW and KHW possessed bands at 995, 1597, and 1634 cm −1 , confirming that pinosylvins were present within the rays. However, an additional band at 1649 cm −1 showed that resin acids were also present. The presence of resin acids in the rays is not surprising, considering that many Scots pine rays contain embedded resin canals. Due to their connection to the resin canal network, the rays are likely to be a means of distribution for the resin acids, which are known to be formed in the SW (Lim et al., 2016) but accumulate in large quantities in the HW and KHW.
Conclusions
In this work, the cellular level distributions of Scots pine HW and KHW extractives were studied by confocal Raman spectroscopy imaging. Pinosylvins were found in the CW, CC/CML, and lumina of tracheids, and their distribution suggested that their deposition into the cell walls can proceed via the CML or the lumen. Similarities were seen in the distribution of pinosylvins and lignin, pointing towards an interaction between the two components. The potential interaction of pinosylvins with lignin, in combination with their relatively low concentration in HW cells walls, could explain why the average decay resistance of Scots pine HW is only moderate. In contrast to the pinosylvins, resin acids were only detected within tracheid and ray cell lumina. In addition to understanding the properties of HW and the origins of natural durability, knowledge of the distribution of extractives will also prove valuable in wood preservation, modification, and functionalization activities, which often rely on the impregnation of wood cell walls with reactive molecules. 
